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Abstract

In this research work, hot corrosion behavior of different Y,0O;-reinforced Cr,0; matrix-based composite coatings on boiler
tube steel has been examined at elevated temperature. Hot corrosion tests are carried out under molten salt environment
of Na,SO,+60% V,05 salt mixture at 900 °C for 50 cycles. Each cycle was consisting of 1 h heating in a silicon carbide
tubular furnace followed by 20 min of cooling. The coatings on samples were developed by plasma-sprayed process. The
parabolic rate constants of coated steels are lower when compared to the uncoated substrate. The outcome of the experiment
has indicated that highest corrosion resistance was shown by 20 wt.% Y,0;—Cr,03, and 10 wt.% Y,05—Cr,05 composite
coatings. The 20 wt.% Y,05;—Cr,03, and 10 wt.% Y,0;—Cr,0; coatings were able to reduce the corrosion rate of boiler steel

by 85.58 and 83.84%, respectively, at 900 °C temperature.
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1 Introduction

The low-grade fuels used in power plants have various
impurities in them such as Na, S, K, V, and ash content [1].
These impurities play a major role in reducing the lifetime
of materials, ultimately leading to deterioration of material.
Such deterioration usually takes place at very high tempera-
ture (800-900 °C). Hot corrosion is a type of corrosion that
occurs at high temperatures, typically above 400 °C, in the
presence of molten salts or oxides. This type of corrosion is
particularly prevalent in industrial applications such as gas
turbines, boilers, and other high-temperature equipment [2,
3]. In India, hot corrosion is alone responsible for the loss
of 6500 million US dollars [4]. Due to hot corrosion, life of
components reduces and leads to shut-down of plants [5].
The contaminants released from burning of fuel are sulfur
(S), sodium (Na), and chlorine (Cl). These contaminants are
of corrosive nature and are responsible for the formation
of gaseous environment [6—10]. In hot corrosion, material
reacts with molten salt environment Na,SO,—60 wt.% at
high elevated temperature and corrosion occurs [11]. Hot
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corrosion leads to formation of oxide scale. The material
suffering from hot corrosion is subject maximum weight
gain [12]. The process of hot corrosion is mainly of two
types: (a) high-temperature hot corrosion and (b) low-tem-
perature hot corrosion. The high-temperature hot corro-
sion (HTHC) is observed at high temperature between 850
and 950 °C and low-temperature hot corrosion is observed
between 600 and 750 °C temperature [13]. By the use of
coatings, the corrosion resistance of any component can be
increased [14]. There are some other methods to protect the
material from hot corrosion such as use of selective alloys,
proper washing of the components, and fuel composition
[15] but the use of coatings has been widely recognized by
industries. Generally, composite coatings perform better to
protect material from hot corrosion. Among various coating
techniques, thermal sprayed techniques are used to produce
dense and uniform coatings [16]. It is also confirmed by
previous research studies that thermal spray techniques and
reinforced coating give highest corrosion resistance.
Bhatia et al. [17] studied the hot corrosion behavior
of HVOF-sprayed 75% Cr;C,-25% (Ni—Cr) coating on
T-91boiler tube steel. From the experimental results, the
coating was found useful in providing corrosion resistance.
The coating showed less than 2% porosity along with dense
microstructure. Mittal et al. [18] successfully deposited
Cr;C,—NiCr and Cr,0; on T-11 steel by D-Gun-sprayed

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40735-023-00773-6&domain=pdf

52 Page2of9

Journal of Bio- and Tribo-Corrosion (2023) 9:52

technique. From the experimental results, it was found
that Cr;C,—NiCr-coated sample showed highest corrosion
resistance. Bala et al. [19] investigated the HVOF and cold-
sprayed Ni-20Cr coating on ASTM-SA213-T22 steel and
found the rate of corrosion was reduced by 82% and for
cold-sprayed Ni—-20Cr, the corrosion rate was reduced by
56%, respectively. The HVOF-sprayed Ni—20Cr coating
showed higher hardness and both the coatings were able
to retain their surface contact with samples. Bala et al. [20]
examined the cold-sprayed Ni-50Cr and Ni—20Cr coating on
T22 steel decreases the actual weight gain by 78 and 88%.
Rani et al. [21] investigated the D-Gun-sprayed Cr,05-50%
Al,05 coating on T22 boiler steel in molten salt environment
Na,S0,~60% V,0s. The coated steel sample indicated less
weight gain and major phases of Al and Cr were observed.
These presence of these phases was the reason of hot cor-
rosion resistance. Goyal et al. [22] investigated the perfor-
mance of uncoated and HVOF-coated T22 samples exposed
to a molten salt environment at 700 °C. The results showed
that ASTM-SA213-T22 steel suffered from Fe,O; spatter in
scale. HVOF-coated T22 steel samples showed less weight
and corrosion resistance.

Thermal barrier coating is a type of ceramic coating with
a layer structure. It not only reduces thermal fatigue but also
prevents oxidation and corrosion of the underlying metal.
The current coating material (Y,0;) can provide significant
protection for existing engines. The conventional Cr,0;
coating is used in the current work because Cr,0; is an
excellent spraying material with higher spraying deposition
efficiency and the coating is less expensive with the property
of tight coating bonding. The coefficient of thermal expan-
sion of Y,05 is comparable to that of nickel- and cobalt-
based super alloys used for boiler components. Therefore,
in this work, novel Y,0s;-reinforced Cr,05-based coatings
have been developed over boiler steel and their hot corrosion
behavior has been investigated in molten salt environment of
Na,SO,-60wt% V,05 at 900 °C temperature.

2 Experimental Procedure
2.1 Substrate Material

The ASME-SA213-T-91 boiler steel was used in this inves-
tigation. It was procured from the Guru Nanak Dev Thermal
Power Plant at Bathinda in Punjab (India). ASME-SA213-
T-91 steel alloy is commonly used in industrial boilers and
also used in heat exchangers and super-heaters. The chemi-
cal composition of T-91 boiler steel is discussed in Table 1

@ Springer

Table 1 Composition of ASME-SA213-T-91 boiler tube steels

Elements Nominal percentage Actual
percent-
age

C 0.05-0.15 0.11

Si 0.5 0.5

Mn 0.3-0.6 0.41

S 0.025 0.025

P 0.025 2.04

Cr 1.9-2.6 2.02

Mo 0.87-1.13 1.09

Table 2 Designation of coatings

Coatings Designation Composition (in wt.%)
Coating 1 Cl 100% Cr,04

Coating 2 C2 10% Y,05-90% Cr,04
Coating 3 C3 20% Y,05-80% Cr,04

2.2 Sample Preparation from Substrate Material

The samples of size 20 mm X 15 mm X 5 mm were cut from
boiler tube steel. Before plasma spraying, the samples were
grounded with SiC emery abrasive papers down to 180 grit
and grit blasted with alumina powders (Al,05-45 grit).

2.3 Development of Coatings

The coatings on the surface of T-91 boiler steel samples
were deposited by Metallizing Equipment Pvt. Ltd. Jodhpur,
Rajasthan. Asymmetrical shaped Cr,0O; (purity greater than
99.5%, particle size 15-45 pm) and Y,0; (purity greater
than 99.5%, particle size 15—45 pm) coating powders were
mixed to prepare different types of coatings: (1) 100 wt.%
Cr,05 (2) 10% Y,05-90% Cr,05 and (3) 20% Y,05-80%
Cr,0;. These coatings were developed by plasma spray tech-
nique. The spray parameters employed were as follows:

Current 550 A

Voltage 50 V

Arc pressure (primary gas) 65 PSI
Carrier gas pressure 50 PSI
Hopper RPM 6

Hydrogen (secondary gas) 12 PSI

Table 2 shows designations of coatings used.
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2.4 High-Temperature Investigations at 900 °C

The study of hot corrosion for uncoated and coated T-91
boiler steels was conducted at 900 °C temperature in the
molten salt environment Na,SO,—60 wt.% V,05. Molten salt
Na,S0,-60 wt.% V,05 was selected to carry out the present
research because vanadium (V) and sodium (Na) are the con-
taminants usually present in low-grade fuels. The bare T-91
sample was firstly, mirror polished and after that, the dimen-
sion of sample was measured by using digital vernier caliper.
The weight of each sample was measured before every cycle.
The furnace temperature was also remained same throughout
the process, i.e., 900 °C. The samples were kept in furnace
individually for 1 h and which is followed by 20 min air
cooling. After every cycle, the weight of the sample was
measured by electronic weighing machine. The same was
repeated for the total of 50 cycles. The corroded products
were investigated using SEM, EDS, and X-ray diffraction
methods to determine the composition and microstructure.

3 Results
3.1 Visual Inspection

The macrographs of uncoated and coated T-91 samples are
shown in Fig. 1. The macrograph of uncoated T-91 sample is
shown in Fig. 1a. The reddish-brown color was observed on
uncoated T-91 boiler steel. Spallation and increase in corro-
sion were also observed. Figure 1b shows the C1 coating on
T-91 boiler steel which indicated gray-black patches on the
surface of sample. Figure 1c, d shows the micrographs of C2
and C3 coatings which indicated that there were no cracks
on the surface of sample. Small scales were also observed.

(a) (b)

(c) (d)
Fig. 1 Macrographs of plasma-sprayed T-91sample a uncoated T-91,
b Cl-coated, ¢ C2-coated, d C3-coated samples

3.2 Coating Thickness and Porosity

The thicknesses of the coatings were monitored during the
spraying process to obtain the coatings of uniform thickness.
A Minitest-2000 thin film thickness gauge (Make: Elektro-
Physik Koln Company, Germany, precision+ 1 pm) was
used to monitor the thickness of each developed coating.
The average thickness of the coatings was measured from
the BSE images and is compiled in Table 3. Measurements
of the porosity of the coated and uncoated samples were
done with an image analyser, having software of the Envi-
sion 3.0 Series (Chennai Metco Private Limited, Chennai,
India). The average thickness of the coatings and porosity
values are displayed in Table 3.

3.3 Changein Weight

Cumulative weight gain of all uncoated and coated sam-
ples for all 50 cycles is shown in Fig. 2, whereas Fig. 3
shows cumulative weight gain after 50 cycles of expo-
sure to elevated temperature. After 20th cycle, the weight
gain of Cl-coated T-91 sample was increased. In case of
Y,0;-reinforced Cr,05 coatings, the rate of weight gain
kept on decreasing. For C1-coated T-91 sample, the cumu-
lative weight gain was 44.60 mg-cm~2. Thus, it can be
observed that the weight gain reduced by Cl-coated sam-
ple is 59.98%. In C2 coating (10 wt.% Y,05;—Cr,0;) at
900 °C, the weight gain was further reduced at 900 °C. The
weight gain observed for C2 and C3 coatings was 18.15
and 16.20 mg-cm™2, respectively. The weight gain of C2
and C3 coatings was reduced by 83.84 and 85.58%, respec-
tively, as compared to that of uncoated sample. Overall, it
was found that C3 coating showed the maximum resistance
to corrosion.

3.4 SEM/EDS Analysis

The SEM analysis for T-91 uncoated and coated T-91 sam-
ples is shown in Fig. 4. For uncoated sample, the SEM anal-
ysis is shown in Fig. 4a. The uncoated T-91 boiler steel sam-
ple surface was in direct contact of molten salt environment
Na,S0,-60% V,0;s. The oxide scales were developed on its
surface and had irregular size of flakes. The EDS analysis for
uncoated T-91 sample is shown in Fig. 5a. The EDS analysis
indicated the presence of Fe and O scale. The SEM analysis

Table 3 Coating thickness and porosity

Coatings Coating thickness (um) Porosity (%)
Coating 1 250 2.05
Coating 2 255 1.87
Coating 3 250 1.68
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Fig.3 Cumulative weight gain for T-91 uncoated and CI-, C2-,
C3-coated T-91 samples

for Cl-coated T-91 sample is shown in Fig. 4b. It showed the
contamination of Cr and Fe oxides and it was confirmed by
the EDS analysis (Fig. 5b). The SEM image of C2-coated
T-91 sample indicated very less corrosion as compared to
uncoated T-91 and Cl-coated samples. SEM analysis of
C2-coated T-91 sample showed dense scale as can be seen in
Fig. 4c. SEM analysis for C3-coated T-91 sample is shown
in Fig. 4d. The corrosion rate of C3 coated was very less
as compared to all the coated samples. The dense surface
morphology was observed for C3-coated sample. The EDS
analysis for C2- and C3-coated T-91 sample indicated the
rich presence of Y and Cr in coating microstructure as can
be seen in Fig. 5S¢, d.

3.5 XRD Analysis
The XRD analysis for Bare T-91 boiler steel in molten salt

environment Na,SO,-60% V,05 is shown in Fig. 6a. The
XRD analysis indicated the formation of Fe,O; as the major
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constituent along with the peaks of Cr,0; as depicted by
Fig. 6a. The XRD analysis for plasma-sprayed C1-coated
T-91 sample in molten salt environment is shown in Fig. 6b.
Major peaks of Cr,0; phases were observed which helps to
develop the resistance against hot corrosion. Minor peaks
of Na,O were also observed. XRD spectra for C2 coating
reveal the Y,0; as prominent phase (Fig. 6¢). For C3 coat-
ing, major peaks indicated the presence of element Y,05 and
minor peaks of Cr,05 (Fig. 6d).

4 Discussion

The different Y,0O5-reinforced Cr,0O5 coatings were depos-
ited successfully on T-91 boiler steel with the help of
plasma-sprayed process. The porosity of Cr,0; coatings was
reduced with the increase in Y,0; content. The reduction in
porosity value of plasma-sparyed coatings was due to the
low process temperature during thermal spraying process,
which might have resulted in minimal shrinkage upon cool-
ing [11]. It was observed from this research work that all
coated samples of T-91 steel have provided better result in
terms of corrosion resistance as compared to T-91 uncoated
sample. Uncoated T-91 sample showed immense surface
spalling. During the hot corrosion studies, the corrosion rate
of uncoated sample increased at a comparatively higher rate
during the initial cycles, possibly because of the formation
of cracks in the oxide scale. It was found that the weight gain
was continuously increasing after the first cycle due to the
quick formation of Fe,Oj5 scale. This scale was of porous
nature and it was formed due to hot corrosion. The change
in color was also noticed after 8th cycle and a red rusty color
appeared on the surface of T-91. After 10th cycle, red rusty
color was changed into brown color. The EDS analysis of
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Fig.4 SEM micrograph for a
T-91 uncoated (irregular flakes
of Fe,0;3), b Cl-coated (irregu-
lar splats with small voids), ¢
C2-coated (dense and uniform
coating), d C3-coated T-91
boiler steel (dense and uniform
coating)

uncoated T-91 steel at 900 °C showed the development of
white and gray region on the surface of material and pres-
ence of C, O, Si, and Fe elements was observed. Fe,0; dur-
ing hot corrosion experiments in a molten salt environment
has also been reported by Goyal et al. [22], Rani et al. [23],
and Singh et al. [24]. Further, the uncoated T-91 sample was
subjected to EDS analysis and this analysis showed the pres-
ence of Fe and O as these were major elements formed on
the surface of T-91 uncoated sample. Sample of T-91 steel
coated with Cr,05 showed better adherence quality which
is the characteristic of the plasma spray thermal process
[25, 26]. Formation of less Fe,O; was confirmed from the
XRD graph of T-91 Cr,05;-coated steel. The aggressive spe-
cies, primarily O?~ formed as a result of the dissolution of
Na,SO,, interacts with the superior layer of the coating and
begins to penetrate over the coating boundary due to hot
corrosion, which might be the reason of formation of Fe,05
in Cr,05-coated steel [25, 27, 28]. The cumulative weight
gain graph for Cr,0;-coated T-91 sample showed the reduc-
tion in weight gain by 44.60 mg/cm? which revealed that the
reduction in corrosion by 60.03%. The SEM micrographs
indicated a nodular structure with gray and white contrast
phases, which might be due to the oxides of chromium and
iron in the scale. The positive corrosion resistance could
improve because of the reaction of Cr,05, which stabilized
the melt chemistry by developing Na,CrO, solute and inhib-
ited the dissolution of the protective oxide scale [26, 29].
Microcracking of the scale occurred due to the presence of
different thin-layer phases, which might impose severe strain
on the coatings [30].

The results of cumulative weight gain showed that the
corrosion resistance was maximum in 20 wt.% Y,0;—Cr,0;
followed by 10wt.% Y,0;—Cr,0;-reinforced coating. The
rate of corrosion was reduced by 83.34 and 85.58%, respec-
tively. The cumulative weight gain of 20 wt.%Y,0;-Cr,04
reinforced was found to be minimum, i.e., 16.20 mg/cmz.
The cumulative weight gain for 10 wt.% Y,0;—Cr,0;-
reinforced coating also showed minimum weight gain,
i.e., 18.15 mg/cm?. The coated samples of T-91 steel were
very successful to hold the attack of corrosion and with
the help of weight gain graphs. it can be confirmed that
Y,0;—Cr,0;-coated sample of T-91 steel was good to han-
dle the corrosion attack. The pores in the chromium oxide
formed along the boundaries of the coating and Y plasma
spray splats channels allowed the coatings to grow walls
against the diffusion and penetration of corrosive elements.
The Y,05+ Cr,05 coating's superior corrosion resistance
at higher temperatures could be attributed to its extremely
low porosity. Because the coatings developed have a dense
and flat splat structure, the distance from the substrate to
the coating interface along the splat boundaries increases
significantly, giving the coatings excellent corrosion resist-
ance. The ability of withstand hot corrosion enhanced due to
addition of Y,Oj; in the coating matrix [31-33]. As the reac-
tion progresses, elements such as Y oxidize at the upper sur-
face of the coating, while chromium oxidizes into chromium
oxide. Thus, chromium oxide (Cr,05) forms a continuous
layer and provides excellent corrosion resistance. The addi-
tion of Y,0; significantly improves the coating's corrosion
resistance, owing to grain refinement. The grain boundary
is in a high energy state with a high number of dislocations
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and defects, and the fine-grained structure provides more
active sites for passivation film nucleation and growth [34,
35]. Further, the top layer consisted of Y,05 and Cr,O; on
surface, which efficiently had slowed down the diffusion
rate of oxygen leading to increase in corrosion resistance of
composite coatings. The SEM analysis of T-91 steel coated
with 20 wt.% Y,0;—Cr,05 showed the working ability of
this coating at high temperature as there were no voids found
on the surface of the sample. The T-91 sample coated with
20wt.%Y,05-Cr,05 showed the lowest weight gain. The
EDS analysis of 20 wt.% Y,0;—Cr,0; coating showed the
presence of Y, Cr, Y,03, Fe,03, Cr,0;, and the XRD analy-
sis of Cr,05 coating showed the presence of V,0s, Cr,0s,
and Fe,0; The existence of Cr, Fe, V, Na, and O was con-
firmed by the EDS over the coating surface. Therefore, the
Cr,05-Y,0; composite coating could improve the oxidation
resistance of boiler steel alloy at elevated temperatures.

5 Conclusions

1. The uncoated T-91 sample showed highest corrosion rate
and minimum resistance to corrosion at high tempera-
ture.

2. Inuncoated T-91 sample, Fe,O; was observed as major
phase in molten salt environment of Na,SO,—60 wt.%
V,05 by XRD analysis.

3. The cumulative weight gain was minimum for 20 wt.%
Y,0;-Cr,0; composite coating and was found to be
16.20 mg/cm?.

4. The T-91 sample coated with 20 wt.% Y,05;—Cr,04
showed the least corrosion rate and maximum resistance
to corrosion at high temperature. This composite coating
was able to reduce the corrosion rate of uncoated steel
by 85.58%.
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The coatings used on ASME-SA213-T-91 at 900 °C in
molten salt environment were found out to be corro-
sion resistant. The order of corrosion resistance for the
applied coatings on T-91 was

20 wt.% Y,03 — Cr,05 > 10 wt.% Y, 04
- Cr,0; > Cr,05 > Bare.
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